2,2-dimethylbutan-1-ol, known as neohexanol, was studied by adiabatic calorimetry and dielectric spectroscopy.
Introduction
In an ordered crystalline phase, molecules are arranged in a well-dened crystal lattice. Their positional and orientational degrees of freedom are activated at melting.
In many compounds of non-rigid organic molecules the process of activation of various degrees of freedom occurs by stages of several subsequent phase transitions below the temperature range of the isotropic phase. In some isotropic liquids a tendency to glass formation is larger than to crystallization [1] .
At glass transition, dynamical degrees of freedom are frozen out, leaving the molecules at random positions and/or orientations. Signatures of glass transition depend on the experimental method applied. In heat capacity measurement such a transition shows as a pronounced jump of C(T ) (a weak second order transition), well below the melting point of a crystalline phase. In the dielectric relaxation method glass transition of liquid phase manifests itself by dramatic slowing down of relaxation time τ it is assumed that temperature T = T g when τ (T ) ∼ = 100 s. The fact that also a supercooled mesophase, with partial long range order, can be a glass-former is known since 1968 [2] for rotatory phases and since early seventies for anisotropic liquid crystals [3] . The observed solid state polymorphism results from an interplay of several factors such as structure of the molecules, their interactions and dynamics. Since the role of molecular conformations in the process of formation of a particular solid phase is crucial, the studies of various isomers should help to understand this process. It is well known that isomers of cyanobiphenyls exhibit dierent phase diagrams: substances with chiral molecules form glass of cholesteric phase, while non-chiral molecules exhibit a sequence of liquid crystalline phases and a crystal state [4] .
It is also valid for isomers of neohexanol, where systematic dierential scanning calorimetry (DSC) studies showed various sequences of mesophases [5] . It is worth to note that various isomers of neohexanol have dierent number of conformations. For neohexanol there are three: trans, gauche+ and gauche-. In the IR studies dependence of the strength of hydrogen bonds on localization of the OH groups in isomeric molecules was observed [57] . Additionally, at melting some thermodynamical parameters are dierent for various isomers as calculated using extended Landau theory [8] .
The present paper is aimed to elucidate the complexity of solid state polymorphism of neohexanol compound in detail by measuring the heat capacity in adiabatic conditions and the complex dielectric permittivity after well--dened thermal treatment of the sample, taking into account the literature data available so far [520] . Research into the nature of solid phases of the neohexanol is a part of a larger project involving studies of thermodynamic and dynamic properties of the isomeric dimethylbutanols [514] and also neoalcohols of similar chemical structure of molecules.
Neohexanol, abbreviated as 2,2-DM-1-B, with chem- [6, 10, 13] and the glass of ODIC phase in two other (3,3-DM-2-B and 2,2-DM-1-B). The 2,3-DM-2-B isomer was proved to crystallise. The phase diagram of neohexanol is still not clear despite the studies performed with dierential thermal analysis (DT ) (under ambient and elevated pressure) [15, 16] , DSC [5, 6, 17] , dielectric relaxation [6, 10, 1520] , and inelastic incoherent neutron scattering [6, 7, 9 , 1113] methods. The DT results published by Chan and Johari [18, 19] showed a crystallization at 183 K and melting at 241 K. In DT studies of Edelmann [15, 16] ve solid phases (with additional one at higher pressure) were found in the following phase transitions: C III
heating, and a glass transition of disordered crystal C II at T g = 157.8 K.
Dworkin's DSC measurement showed a glass transition at 147 K, a spontaneous crystallization anomaly at 180 K, and melting at 224.5 K (onset value) [17] . In our DSC measurements [5] a previously nonobserved phase transition anomaly at about 235 K was found (see Fig. 1 ):
when the sample was cooled down to 150 K from 300 K at −10 K/min, a broad peak of complex crystallization was detected at 212 K (the peak position value), while on heating an endothermic transition at 234.7 K and melting at T m = 251 K were registered [5] . However, the sample abruptly cooled down to 100 K, and then heated, crystallised at 180 K and melted at 235.5 K. Dielectric studies did not show a consistent picture of phase sequence either. Dielectric relaxations α and β were detected for liquid and plastic crystal phases, respectively, by Chan and Johari [18, 19] in the frequency range between 100 Hz and 10
5 Hz. A glass transition at 163 K was mentioned by
Dannhauser and co-workers [20] . They studied dielectric relaxation in liquid phase to about 240 K and in rotatory phase down to 200 K. Edelmann [15, 16] In order to achieve good accuracy of the measured thermal eects the heat exchange between the cell and the environment has to be diminished. The sample container was hung on a silk thread inside a pair of coaxial thermal shields equipped with heaters and enclosed in a vacuum--tight steel vessel evacuated down to ca. Following the heating period, the temperature of the sample cell varies due to temperature gradient in the system of sample cell and adiabatic shields. This temperature gradient originates from a continuous ow of the introduced energy, being distributed within the sample volume, and the heat exchange between sample cell and thermal shields. However, after certain period of time such temperature variation, owing to the rst source (introduced heat), will disappear while the second one, related to non-ideal adiabatic conditions, will become stable (assuming constant temperatures of the inner and the outer adiabatic shields). Thus, the relation between the temperature of the sample cell and time will become linear. This feature can be utilized to determine whether the sample has already reached the thermal equilibrium.
Namely, if the variation of the sample cell temperature measured after the heating period becomes suciently small (e.g. 0.001 K/min), the system can be regarded as having reached thermal equilibrium. Then a next heat pulse can be applied to the sample.
To investigate the phase situation on cooling the sample as well as on heating, the instrument was operated in a pseudo-DT regime (the so-called drift method).
Time evolution of temperature T along with the rate of temperature changes, dT / dt, were registered during continuous cooling or heating of the sample by means of keeping the inner thermal shields at the temperature below or above that of the sample cell, respectively. Such a regime of measurement enabled us to perform a faster, as compared to adiabatic mode, but only qualitative observation of spontaneous thermal eects in the sample and to estimate the phase transition temperatures.
Dielectric measurements
The dielectric measurements of the complex electric 
Purity determination
The molar purity of the neohexanol used was found to be 99.67%. It was calculated using the van't Ho law [22] :
from the so-called melting fraction experiment performed by adiabatic calorimetry (see Fig. 2 ). The fully melted state corresponds to F = 1. T triple is the triple point temperature, T eq is the experimental equilibrium temperature of the fusion in the melted fraction F of the substance, R is the gas constant, x means molar fraction of impurity and ∆H fus is the calculated molar enthalpy of fusion [22] . The triple point temperature of 233.19 K was obtained by extrapolation of the slope of T (1/F ) to the value of 1/F = 0. 
Phase transitions in neohexanol
The temperature dependence of heat capacity C p (T )
of neohexanol measured in adiabatic mode on heating of quenched (empty circles) and of slowly cooled (lled circles) sample from the liquid phase down to 100 K are presented in Fig. 3 . All the C p (T ) values were registered in equilibrium conditions. In temperature range between 100 K and 180 K the C p (T ) depends on the way of cooling of the sample. Above 180 K the same sequence of three phase transitions was found. On slow cooling of the sample, a crystal phase, labelled C3 was obtained, as reported in our previous paper [5] . Anomalies (observed on heating) at T 2 = 194.9 K and T 1 = 209.2 K are solidsolid transitions, while the last one at T m1 = 233.6 K is related to melting of phase denoted here as C, and found in our DSC measurements (see Fig. 1 ) [5] .
We detected the following phase sequence: Fast cooling of the sample leads to C p (T ) values much higher than those for C3 phase observed on heating up to 146 K as shown in Fig. 3 (open circles) . In view of our earlier neutron measurements the corresponding phase was identied as supercooled disordered crystal C2 [9] . Careful examination of the data in this temperature range reveals two anomalies, which can be ascribed to subsequent glass transitions at T gI ≈ 123 K (∆C p = 19 J/(mol K)) and at T gII ≈ 137 K (much smaller ∆C p value). During further heating above 146 K, several spontaneous transformations to metastable phases occurred (in Fig. 3 there are no C p (T ) experimental points up to 180 K due to the lack of the thermodynamic equilibrium). Such metastable thermodynamic states were also detected by the earlier DT studies [15, 16] . At 180 K a stabilisation to the ordered phase C3 was observed. Also, the C p (T ) anomaly observed on melting of phase C, and corresponding to the activation of translational motions, did not depend on the cooling rate. However, in phase C3 observed after a series of metastable transitions for rapidly cooled sample the C p (T ) values (•) were slightly lower than those registered after slow cooling (•). Moreover, the magnitudes of the thermal eects were sensitive to the regime of the measurement applied.
The intensity of anomaly of C p (T ) at about 195 K, ascribed to the phase transition C3 → C2, was bigger when measured after fast cooling of the sample than after a slower one. The opposite behavior was registered for the intensity of anomaly at 209.2 K, ascribed to the C2 → C transition. These eects mean that the pure phase C3 was created at 180 K on heating only for a sample cooled rapidly just before the heating run. Temperatures of all phase transitions found in our calorimetric measurements are collected in Table I . C1 ↔ IL transition, not observed in adiabatic calorimetry, is well illustrated by changes of relaxation time τ (T ) (see Fig. 5 ). In order to describe the relaxation process in C1 and IL phases, the HavriliakNegami formula [24, 25] :
was tted to the data (see solid lines in Fig. 4 ). The correlations for the relaxation process observed [24] . Relaxation times obtained in the tting procedure are collected in Table II .
Interestingly, in dielectric measurements performed during heating of a sample, which had been rst cooled rapidly to 123 K, up to room temperature, ve relaxation processes were found. First the process 1 of a very small dielectric increment was detected. At 153 K, a much stronger relaxation process 2 appeared at lower frequency side. Both processes coexist up to 173 K (Fig. 6) , i.e., in the ODIC phase C2, but intensities of both absorption maxima were decreasing with the temperature growth. At 183 K, rotational motions of molecules stopped (see lled triangles in Fig. 7) as Moreover, it is worthwhile to say that the rate of the motions detected in ODIC phase C1, which melts at about 250 K, is equal to the reorientation rate in the ODIC phase C melting at about 235 K. In both phases the relaxation is identied as process 4 and is of one order of magnitude slower than process 5 in the liquid phase.
The processes 1 and 2 in supercooled phase C2 are of theArrhenius type with similar activation energies of (12.65±0.2) kJ/mol. The activation energy of process 4 in phase C equal to (14.21 ±0.1) kJ/mol is similar to that of the process 2 observed in the phase C2.
Discussion
Adiabatic calorimetry measurements showed a monotropic system of phases in neohexanol with the phase diagram depending on the rate of cooling of the sample. This was conrmed by the dielectric spectroscopy. However, full consistency of the results of both methods was not achieved. In dielectric measurements on slow cooling and heating of the substance the reversible phase transition was detected:
and no supercooling of the liquid phase was registered.
No phase transition was detected down to 203 K, but one should keep in mind that in both phases the rates of motions (see Fig. 9 ) and dielectric permittivities (compare data for phase C1 in Fig. 5 and for phase C in Contrary to that on heating after fast cooling, the phase diagram seems to be the following:
It seems that in the temperature range from 188 K till about 208 K kinetics of growth of the rotatory phase C2, as observed by calorimetry, was too slow for C3 → C2 In comparison with the transition temperatures measured by point calorimetric method one can see a signicant supercooling of the liquid (sI L) and rotatory phases (sC 2, sC). But when the sample was cooled faster (with C2 was registered on dT / dt vs. t curve at about 180 K.
One can assume that the dielectric relaxations 1 and 2 observed up to 180 K can be related to molecular dynamics in the supercooled ODIC phase C2. It seems that the weak process 1, observed also by Johari [19] , can be regarded as the so-called β-relaxation and related to local motions, while the main relaxation 2 as the structural α-relaxation connected with reorientations of the whole molecules [28, 29] . The temperature 140 K, at which molecular relaxation time of the process 2 is equal to 100 s, can be treated as the glass transition temperature [1, 28, 30] . This temperature is close to T gII detected by the adiabatic calorimetry method.
The glass transition in the ODIC phase of neohexanol was registered also by Chan and Johari in dielectric measurements, by Edelmann in DT measurement and by Dworkin in DSC experiment but at higher temperatures. In fact in the drift changes when the sample cooled rapidly to 90 K was heated very slowly in a regular way (see Fig. 11 , T (t) given by a solid line), two glass transition anomalies were visible. In the point method glass-like anomalies manifest themselves by crossing of the envelope of the dT / dt vs. t (dotted line in Fig. 11) with a zero eective drift line (broken line in Fig. 11 ) or, in other words, by change of the sign of the dT / dt from positive to negative. In this way at temperatures near T gI = 123 K and T gII = 137 K glass-like anomalies were detected. 
Conclusions
Polymorphism of solid state of 2,2-dimethylbutan-1-ol was studied in the temperature range from 100 K to 260 K using adiabatic calorimetry and from 123 K to 290 K using dielectric spectroscopy. A monotropic system of phases was found. Apart from an ordered crystal C3, two ODIC phases C2 and C of 2,2-DM-1-B were identied using adiabatic calorimetry. No glass of liquid phase was detected. Phase C2 was easily supercooled and vitried in two subsequent glass transitions. On heating, small anomalies were traced at T gI = 123 K and at T gII = 137 K. Next, metastable phase C2 transformed, through metastable crystalline phases detected also by the earlier DT studies [15, 16] , to the stable crystal C3 at 180 K. Then, C3 → C2 transition, associated with the largest thermal eect, C2 → C transition and melting of phase C at T m1 = 234.5 K were detected.
On heating of the sample cooled rapidly to 123 K, a very weak β-relaxation process ascribed to local dynamics, and an intensive, slower α-relaxation process related to reorientations of the whole molecules was identied by dielectric spectroscopy in the supercooled C2 crystalline. Both relaxation processes are of theArrhenius type and of the similar activation energy equal to about 12 kJ/(mol K). Above 183 K, spontaneous crystallization of the phase C3 was observed. Above 208 K, a growth of the ODIC phase C and its melting at T m1 were detected. Contrary to that, on slow cooling, at about T m = 251 K crystallization of the new ODIC phase C1 occurred. On heating, the phase C1 cooled down to 203 K, melted at the same T m temperature, which corroborated the earlier results of the DT method. Dynamics in the C1 and C phases, melting in dierent temperatures, is characterized by the same relaxation rates and the same temperature dependence. Relaxation observed in these phases is of one order of magnitude slower than the process detected in the liquid phase. Intensities of the dielectric absorption related to reorientations of whole molecules (α-process) in the liquid and in three ODIC phases are of the same order of magnitude. The intensity of dielectric absorption for β-relaxation connected with local dynamics is of two orders of magnitude smaller. One can regard freezing of two-scale dynamics identied in phase C2 as the mechanism of two glass transitions detected in calorimetry measurements.
The details of the phase diagram obtained for neohexanol were sensitive not only to the rate of cooling of the sample but also to the volume of the sample which was dierent in the two methods used. The phase C1 and its melting were not observed in adiabatic calorimetric experiment despite many eorts. Tendency to glass formation was not found only for the crystalline phase C2.
Most of the organic liquids belong to the class of fragile glass formers, whose common feature is the deviation of the α-relaxation from the Arrhenius temperature dependence [1] . On the contrary in the ODIC phase C2 of neohexanol the Arrhenius behaviour was found. A slower adaptation of the dipolar molecules to the temperature changes may be caused by the ordering of centres of reorienting molecules in the crystal lattice. Slow softening is typical for the so-called strong glass formers.
The same response to temperature changes was found in the orthorhombic crystal-like phase E in some liquid crystals [32] . The temperature dependence of dynam- [33] .
